Abstract: Amyloid diseases are characterized by the deposition of proteins in the form of amyloid fibrils, in organs that eventually fail. The development of effective drug candidates follows from the understanding of the molecular processes that lead to protein aggregation. Here, we study amyloidogenic segments of transthyretin (TTR). TTR is a transporter of thyroxine and retinol in the blood and cerebrospinal fluid. When mutated and/or as a result of aging, TTR aggregates into amyloid fibrils that accumulate in organs such as the heart. Recently, we reported two amyloidogenic segments that drive amyloid aggregation. Here, we report the crystal structure of another six amyloidogenic segments of TTR. We found that the segments from the C-terminal region of TTR form inregister steric-zippers with highly-interdigitated, wet interfaces, whereas the b-strand B from the N-terminal region of TTR forms an out-of-register assembly, previously associated with oligomeric formation. Our results contribute fundamental information for understanding the mechanism of aggregation of TTR.
Introduction
Several pathological conditions, including Alzheimer's disease, Parkinson's diseases, type II diabetes, cardiac amyloidosis, and prion diseases, are associated with the formation of amyloid fibrils and other protein aggregate deposits that result in cytotoxicity and/or mechanical tissue damage. 1 Each amyloid disease is associated with the deposition of particular proteins in the form of elongated, unbranched amyloid fibers. For a long time, treatments for amyloid diseases have been held back by limited information on the structures of the amyloid state of proteins and the causes of aggregation of these disease agents. In recent years, scientists have made incredible progress in this regard. Together with NMR and Cryo-EM reconstruction methods, xray crystallography has proven to be a powerful tool for structure determination of proteins in their amyloid state and have notably contributed to the understanding of the molecular architecture of the amyloid spine.
The in-register steric zipper is one of the two main structural motifs that have been identified in amyloid proteins. The spine of amyloid fibrils is made up of pairs of b-sheets, each of which is composed of hundreds of thousands of b-strands stacked along the fibril axis by hydrogen bonding. 2 This structural arrangement is responsible for the cross-b diffraction pattern that amyloid fibrils display when subjected to an x-ray beam. 3 Overall, the spine of the amyloid fibril is made of specific protein segments that are the adhesive parts of amyloid proteins. 4 The molecular architecture of the amyloid spine has been reproduced by determining the crystal structures of these adhesive segments in their amyloid state. 5 These structures reveal a motif of a pair of in-register b-sheets whose side chains interdigitate into a steric zipper, forming a dry interface between the two b-sheets. 4 To date, more than 100 atomic-resolution crystal structures of in-register steric zippers have been determined from over 15 disease-associated amyloid proteins. 2 The out-of-register b-sheet is the second structural motif that has been associated with amyloid polymers, and more specifically with oligomeric assemblies. In-register sheets (parallel or antiparallel) are easily recognized in fibrillar assemblies because their strands run perpendicular to the fibril axis. Correspondingly, out-of-register b-sheets are easily recognized in fibrillar assemblies because their strands tilt away from the fibril axis perpendicular, as a result of shearing between strands. Structural details of out-of-register sheets were first revealed for an 11-residue segment of the nonpathogenic amyloid-forming protein, aB-crystallin. 6 Six copies of the segment stacked in an antiparallel outof-register b-sheet, which curved into a closed bbarrel with shear number, S 5 6. Since then, several other out-of-register structures of toxic segments of amyloid proteins have been identified. [7] [8] [9] Transthyretin (TTR) is a 55-kDa tetrameric protein associated with systemic amyloidoses. In healthy individuals, TTR functions as a hormone transporter that travels in the blood and cerebrospinal fluid.
10 The x-ray structure of the TTR tetramer shows that each identical 127-residue subunit is made of eight b-strands (named A through H) and one a-helix. 11 Under pathological conditions, TTR tetramers dissociate and monomers unravel to form amyloid fibrils that deposit in virtually every organ leading to tissue damage, organ failure, and eventual death. 12 Amyloid deposition of mutant and wild-type protein causes hereditary and wild-type TTR amyloidoses (ATTR), respectively. ATTR fibrils comprise full-length TTR and/or C-terminal fragments, indicating that the C-terminus of TTR is essential for amyloid formation. 13 In a previous study, we showed that the self-association of two segments of TTR from the b strands F and H drive amyloid fibril formation; however several other segments have the capacity to form amyloid-like fibrils in isolation. 14 We determined the crystal structures of the two amyloid-driving segments in their amyloid states forming in-register steric zippers. 14 Here, we report the crystal structures of six new amyloidogenic segments of TTR in their amyloid state, including a segment that contains a familial mutation associated with early-onset ATTR. In this study, we found the two amyloid structural motifs among them: in-register steric zippers formed by segments from the C-terminal end, and one out-of-register steric zipper formed by an N-terminal segment.
Results
Overall, we have analyzed the amyloidogenicity of thirteen TTR segments predicted to form steric zippers (Fig. 1 forms a Class-2 in-register steric zipper in which the b-strands stack into parallel b-sheets and the sheets pack face-to-back. Here, we expand our previous work and report the crystal structures of six additional amyloidogenic segments of TTR forming five in-register and one out-of-register steric zippers.
Data collection and refinement statistics can be found in Table I . Several distance measurements, buried surface area, shape complementarity, and solvation energy were calculated and can be found in Values in parentheses correspond to the highest resolution shell.
calculated using a random set containing 10% reflections that were not included throughout structure refinement. Figure 1 . Propensities of steric zipper formation of each 6-residue segment within the TTR sequence. Amyloidogenic propensities were calculated using the 3D profiling method ZipperDB. 15 Segments having energies of 223 kcal mol 2 1 (green dashed line) or lower are predicted to form fibrils. 16 Segments that we selected for crystallization are represented with red bars. The segment containing the familial mutation ATTR-D38A is represented with a blue bar. A. Rosetta relax energies calculated from the reported structures by each strand. In parenthesis, average Rosetta relax energies by residue. B. Sheet-to-sheet distances are calculated as the average distance between third degree polynomial fits to backbone atoms of opposite b-sheets, which have been projected down the "fibril" axis. The standard deviation is also reported. C. Strand-to-strand distance of parallel sheets is given by the corresponding unit cell length. For in-register antiparallel sheets, it is calculated as this unit cell length divided by two. For out-of-register antiparallel sheets, it is taken as an average over stacked backbone atoms of strand n and n 1 2. D. Area buried is calculated as the difference between the solvent accessible surface area of one b-sheet alone and the same b-sheet when is in contact with the opposite b-sheet 17 . The average area buried per b-strand is reported. E. Shape complementarity values are calculated for interfaces between opposing sheets of ten b-strands each. We also determined the structure of the segment 37 AADTWE
42
, containing the familial ATTR-D38A mutation associated with neuropathic and cardiomyopathic ATTR 19 (Fig. 3) . This segment forms a class 6 steric zipper in which b-strands stack into antiparallel, antifacial b-sheets, and these sheets stack face-to-back [ Fig. 3(A-C) ]. In contrast to the other amyloid structures, the steric zipper of 37 AADTWE 42 contains a highly-hydrated interface that includes the polar residues threonine and aspartate [ Fig. 3(B) ]. We found that the presence of a wild-type aspartate in position 38 would be incompatible with the steric zipper formation [ Fig. 3(D) ]. Finally, we obtained the structure of 28 VAVHVF 33 , which corresponds to the B b-strand of TTR (Fig. 4) . This segment forms an out-of-register class-5 steric zipper in which b-strands stack into antiparallel, antifacial, out-of-register b-sheets, and these sheets pack face-to-face, through a highly hydrophobic interface exclusively made of valines and no ordered water molecules [ Fig. 4(A,B) ]. The strands from opposing b-sheets cross at an angle of 1158 and b-strands do not run perpendicular to the fibril axis as in in-register steric zippers; instead, the b-strands cross the fibril axis at an angle of 658 from the fibril axis [ Fig. 4(C Fig. 4(D) ].
Discussion
TTR is an amyloid protein whose aggregation causes transthyretin amyloidosis (ATTR). 12 We have previously shown that TTR contains several amyloidogenic segments that can form amyloid fibrils when incubated in isolation. 14 Here, we expand our earlier efforts with a further structural characterization of amyloidogenic segments of TTR.
Steric zippers from the C-terminus of TTR
Our study provides structural information of the amyloidogenic C-terminal region of TTR, found in the protein deposits of all ATTR patients. Some studies suggest that the spine of an amyloid fibril is made of a single, short, specific adhesive segment of the parental amyloid protein. 2 However, this is not the case in TTR deposits, which consist of long protein stretches with lengths and composition that depend on pathology. 13 Westermark and colleagues have identified two types of fibrils among ATTR patients. 13 Type B fibrils contain full-length TTR and are long, extracellular and highly congophilic. Type A fibrils contain a mixture of full-length and truncated C-terminal TTR fragments, and are short and less congophilic. Although we showed that two segments drive TTR aggregation, 14 the presence of C-terminal residues 50 to 127 in both type A and type B ATTR fibrils indicates that this region may be part of the amyloid fibril spine. Our efforts to crystallize TTR segments predicted to form amyloid fibrils included thirteen segments in total, twelve wild-type and one carrying the familial mutation ATTR-D38A. Six of thirteen, including the mutant segment 37 AADTWE
42
, are from the N-terminal region of TTR (residues 1 to 50) and seven are from the C-terminal region (residues 50 to 127). We obtained crystal structures from only two segments of the N-terminal region (33%), and one of them was the mutant segment 37 14 They all display the distinctive inregister steric zipper assembly 14 (Fig. 2) . The only C-terminal segment that did not crystallize was 65 VEGIYK 70 , which is the first segment predicted to form amyloid fibrils within the C-terminal stretch and overlaps with 68 IYKVEI 73 that displays a class 7 in-register steric zipper [ Fig. 2(A) ]. Altogether, 32 residues of the 77 residues of the C-terminus can form amyloid steric zippers, denoting the potential of this region to be involved in the amyloid spine. This structural variability is known as "packing polymorphism," where the same segment can adopt different steric zipper assemblies. 21 Similar examples are found in IAPP, associated with type II diabetes, 21 and amyloid-b and tau, associated with Alzheimer's disease. 22, 23 The high structural variability of an amyloidogenic segment, such as 105 YTIAALLS 112 , may be connected to the formation of distinct aggregate subpopulations, and perhaps may play a role in the formation of Type A and Type B fibril subtypes.
Steric zippers from the N-terminus of TTR
We determined the structure of a steric zipper formed by the segment 37 AADTWE 42 , containing the familial ATTR-D38A mutation. We have recently found that the amyloid fibrils extracted from the heart of an ATTR-D38A patient were categorized as type B and, therefore, comprise full-length TTR (data not shown). We hypothesize that the mutation ATTR-D38A may create a new steric zipper forming segment since we found that the presence of the wild-type aspartate in position 38 would be incompatible with the steric zipper formation [ Fig. 2(D) ]. However, despite its high shape complementarity and large amount of surface area buried, two factors indicative of a strong assembly (Table II) , the highly hydrated interface of the steric zipper formed by 37 AADTWE 42 (Fig. 3) and its low solvation energy (Table II) may suggest a weak overall assembly, thereby questioning its implication in fibril formation. The structural screening of TTR amyloidogenic segments revealed an out-of-register structure formed by 28 VAVHVF 33 (Fig. 4) . The 28 VAVHVF 33 structure differs from the amyloid-like in-register highly-stable structures; it displays the lowest shape complementarity and area buried among the structures of TTR amyloidogenic segments (Table II) . Similar to previously determined out-of-register structures, the b-strands of 28 VAVHVF 33 cross the protofilament axis at an acute angle. 8, 9 However, in contrast to previous out-of-register structures, each strand of 28 VAVHVF 33 participates in equal number of hydrogen bonds (n 5 6) with strands neighboring either side [ Fig. 4(D) ], therefore indicating a stable in-sheet packing. Out-of-register assemblies are associated with amyloid oligomer formation. [6] [7] [8] These sheets show a propensity to curve, likely hindering their ability to form long fibrils, and limiting their growth to oligomeric assemblies. In that study, Kelly and colleagues generated peptide-based probes that selectively bind TTR oligomers circulating in plasma of polyneuropathic ATTR patients. Interestingly, the probe contains the amyloidogenic segment TTR(25-34) from the bstrand B, with the segment 28 VAVHVF 33 as the minimal binding competent sequence. However, they showed that the probe binds C-terminal fragments of TTR that lack the TTR(25-34) segment, indicating that binding of the probe to TTR oligomers must occur through a different region of TTR. Perhaps other segments from the C-terminus may form a similar out-of-register oligomeric structure that the 28 VAVHVF 33 has the ability to recognize.
Conclusions
The present study represents an expansion of the current knowledge on transthyretin aggregation. We have previously shown that the strands F and H drive aggregation of transthyretin by self-association. 14 Here, we show the crystal structures of six additional segments in their amyloid state and describe an antiparallel out-of-register zipper that may be involved in TTR oligomer formation.
Material and Methods

Sample preparation and crystallization conditions
Peptides were synthesized at > 97% purity from GenScript (Piscataway, New Jersey) and GL Biochem (Shanghai, China). Peptides were dissolved in water or 10% acetonitrile at a concentration that depended on the solubility of the peptide (Table III) . All peptide solutions were spin filtered (0.22 lm) prior to crystallization experiments at 188C via hanging-drop vapor diffusion. Crystallizations conditions are detailed in Table III .
Data collection and structure refinement
Data collection and refinement statistics of crystal structures are detailed in Table I . X-ray diffraction data were collected at the Advanced Photon Source beamline 24-ID-E. Molecular replacement was performed with the program Phaser 26 using as search models an idealized polyalanine b-strand. Crystallographic refinement was performed using PHENIX, 27 REFMAC, 28 and BUSTER. 29 Model building was performed with Coot 30 and illustrated with PyMOL. 31 The coordinates have been deposited in the Protein Data Bank with accession codes 6C3F, 6C3G, 6C3S, 6C3T, 6C4O, and 6C88.
Structure calculations
Overall energies were calculated from the steric zipper structures by Rosetta Relax. 32 Calculations of the area buried and shape complementarity were performed with AREAIMOL 17 and SC, 18, 33 respectively. Area buried was calculated as the difference in solvent accessible surface area of a central bstrand within the context of a ten-stranded b-sheet and the solvent accessible surface area of the same b-strand in the same ten-stranded sheet in contact with the opposite ten-stranded b-sheet in the zipper. Rosetta energies and shape complementarity were calculated from an assembly made of two opposed bsheets with ten b-strands each, in the absence of waters or ions. Sheet-to-sheet distances were calculated as the average distance between third degree polynomial fits to backbone atoms of opposing bsheets, which had been projected down the "fibril" axis. Strand-to-strand distance of parallel sheets is given by the corresponding unit cell length. For inregister antiparallel sheets, it is calculated as this unit cell length divided by two. For out-of-register antiparallel sheets, it is taken as an average over stacked backbone atoms of strand n and n 1 2.
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